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Abstract. AISI 430 stainless steels are used as interconnects in solid oxide fuel cells. One of the problems with these
steels is the migration of chromium through the chrome shell and its transfer to the cathode, resulting in contamination and
reduction in the efficiency of the fuel cells. To improve the oxidation resistance of these steels, a protective coating layer
can be applied on the steel surface. In this investigation, AISI 430 stainless steel was electroplated with nickel, cobalt and
cerium oxide. To investigate oxidation behaviour, isothermal oxidation and cyclic oxidation were performed at 800°C.
The coating on the steel surface was studied using scanning electron microscopy and X-ray diffraction. In isothermal and
cyclic tests, the coated samples showed less weight gain than the uncoated samples due to the formation of NiFe2O4,
CoFe2O4 spinels and NiCr2O4. These spinels prevented the outward diffusion of the chromium, improving the oxidation
resistance of the steel substrate. Cyclical oxidation results showed that the coating formed on the steel surface resisted
cracking and delamination.
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Introduction

Chromium is the most important alloying element that
protects stainless steels from oxidation and corrosion. As
the amount of chromium increases, the oxidation and corrosion resistance of these steels increases at high temperature [1]. Chromium shell is not stable in the operating
temperature range of solid oxide fuel cells (SOFCs) and
does not protect the substrate well. It also causes problems
due to high electrical resistance in fuel cells that require
high electrical conductivity. To improve the oxidation
resistance of this steel a protective coating can be used. The
most common ones are nickel and cobalt composite coatings [2,3]. One of the methods of applying composite
coatings is electroplating. Electroplating is the process of
electro-deposition of composite coatings by co-deposition
which is a relatively simple, inexpensive, multipurpose,
controllable and reliable method. Composite coatings can
be obtained by electro-deposition of metal or alloy with
ceramic particles, such as oxides, carbides, nitrides, polymers and other insoluble phases [4]. To obtain better
properties of different nickel base composite coatings,
various secondary nanoparticles, such as Al2O3, SiC, ZrO2

and CeO2, have been added to the plating solution and many
efforts have been made to optimize the plating process
parameters. The addition of CeO2 to metal composite
coatings increases oxidation resistance. The addition of
cerium oxide particles to nickel coatings for SOFC interconnects is intended to limit the thickness of Cr2O3 layer
and reduces the electrical resistance of the surface [5].
Qu et al [6] investigated the oxidation resistance of Ni–
CeO2 nanocomposite coatings at 800°C [6]. Their results
showed that the increase in the oxidation resistance of the
coated samples was smaller than the uncoated ones. Srivastava et al [7] investigated the properties, structure and
thermal stability of Ni–Co composite coatings containing
CeO2 nanoparticles. Their results showed that composite
coatings had greater microhardness and thermal stability
than Ni–Co coatings without cerium oxide. They investigated the oxidation of A3 carbon steels deposited with Ni
and Ni–CeO2 films at 900°C. The results of their investigation showed that the oxidation rate of Ni–CeO2 coatings
was lower than that of the coatings with Ni and the uncoated
samples [7].
According to the literature no work has been carried out
on the coating of Ni–Co–CeO2 on stainless steel AISI 430
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so far. It is expected that the presence of cerium improves
the properties of Ni–Co coatings.
In this study, the oxidation behaviour of AISI 430 steel
interconnects, in the presence of a Ni–Co–CeO2 composite
coating for the application of SOFCs, is investigated.

2.

Experimental

In this study, AISI 430 stainless steel was used as a substrate
for electro-deposition. The chemical composition of this steel
is shown in table 1. For electroplating, the sheet of the
stainless steel was wire-cut into 2 9 10 9 10 mm3 samples.
The surface of samples was ground with 240 to 2500 grit SiC
paper, washed in distilled water and then degreased with
acetone in an ultrasonic cleaner for 20 min. For surface
activation, the samples were electro-polished in 10% sulphuric acid solution at a current density of 0.015 mA cm-2
for 70 s. The samples were then placed in acetone solution
for 20 s. The electroplating bath consisted of nickel sulphate, nickel chloride, cobalt boric acid and cerium oxide.
The values of each of the bath components and the coating
conditions for the coatings are given in table 2. Sulphuric
acid and sodium hydroxide were used to adjust the pH, and
a 20 9 20 mm2 nickel plate was used as anode. After
plating, the samples were washed with distilled water and
dried using a dryer. Isothermal oxidation was performed on
12 coated and 12 uncoated samples for periods of 1, 5, 10,
20, 35, 50, 80, 100, 150, 200, 250 and 300 h at 800°C in
static air. After the oxidation test, the samples were weighed
using a scale with the accuracy of 0.0001 g. In order to find
out the initiation of oxidation of each phase, thermal
gravimetric analysis (TGA) was done in air for coated AISI
430 steel from room temperature (RT) up to 800°C. To
perform the cyclic oxidation test, a coated sample and an
uncoated sample were selected. Cyclic oxidation was performed on the samples for 50 cycles; each cycle consisted

Table 1.

Chemical composition of stainless steel AISI 430.

Element
Concentration (wt%)

Table 2.

Fe
81.36

Cr
17.10

Mn
0.92

Si
0.50

C
0.12

of placing the samples in the oven at 800°C for 1 h followed
by 15 min of cooling in the open air. After the oxidation
test, the samples were weighed using a scale with the
accuracy of 0.0001 g. Scanning electron microscope (SEM)
model T Scan equipped with energy-dispersive X-ray
spectroscopy (EDX) analysis was used for morphology and
microstructural analysis. The phase composition of the
oxidized scales was analysed utilizing X-ray diffraction
(XRD, with a Philips X’Pert High Score diffractometer
using Cu-Ka (k = 1.5405 Å).

3.
3.1

Results and discussion
Composite coating of Ni–Co–CeO2

Figure 1 shows the SEM image of the Ni–Co–CeO2 composite coating (figure 1a) and EDX analysis of composite
coating (figure 1b). The surface of the coating has no
porosity and the coating is almost uniform. EDX analysis of
the coating layer shows the presence of Ni, Co, Ce and O
(figure 1b).
Figure 2 shows the XRD analysis of the Ni–Co–CeO2
coating. As can be seen nickel (JCPDS no. 00-003-1051),
cobalt (JCPDS no. 00-015-0806) and cerium oxide (JCPDS
no. 01-075-0076) phases are present in the coating. The
nickel, cobalt and cerium oxide peaks are in line with each
other. This indicates the presence of cobalt and cerium
oxide particles with nickel in the coating. These particles
are in the crystalline (111), (200) and (220) directions of
each other.
The formation of Ni–Co–CeO2 composite coating layer
can be described as follows. The deposition process
involves the application of electrical potentials by a direct
pulsed current source between the nickel anode with the
positive pole and the cathode (metal background) with the
negative pole, which results in the electric current between
the anode and the cathode and Ion transport in electrolyte
completes the circuit. During the deposition process, the
nickel ions are first adsorbed by cation and they react with
the hydroxide ions according to reaction (1). Then in two
stages of reduction according to reactions (2 and 3), they
become nickel monomers. Thereafter these monomers settle
in suitable sites and produce a deposition layer.

Composition and bath conditions for Ni–Co–CeO2 composite coating.

Coating mixtures
NiSO46H2O
NiCl26H2O
H3BO3
CoSO47H2O
CeO2

Electrodeposition parameters/materials
300.00 g l-1
40.00 g l-1
30.00 g l-1
6 g l-1
5, 10, 15, 15 g l-1

Current density
pH
Plating time
Plating temperature
Cathode
Anode

15, 17, 20, 22 mA cm-2
2.5, 3, 3.5, 4
20 min
50 ± 5°C
AISI 430 stainless steel
Nickel plate
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Figure 2.

Figure 1. (a) SEM image of surface morphology and (b) EDX
analysis of Ni–Co–CeO2-coated AISI 430 stainless steel.
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XRD analysis of the alloy.

The co-deposition mechanism of nickel, cobalt and cerium oxide particles can be justified by three mechanisms.
These three mechanisms include the transfer of neutral
particles to the cathode surface by electrophoretic operations, mechanical entrapment by stirring or stirring force or
van der Waals forces, and subsequent burial of the particles
at the cathode by electrical metal deposition [11]. Two
general processes in the co-deposition of CeO2 particles in
Ni–Co metal coatings, namely physical distribution of
particles in electrolyte and electrophoretic migration of
particles, can be distinguished. Co-deposition mechanisms,
related to the distribution of CeO2 particles in Ni–Co
composite coatings, are based on previous studies on microparticles. Many theories are proposed based on neutral
particle transport due to (1) electrophoresis, (2) mechanical
entrapment, (3) adsorption and (4) convective diffusion. In
1972, Guglielmi introduced a three-stage model for particle
alignment, the first phase of the process involves the
transfer of particles from solution to the cathode surface and
the second phase includes the adsorption of particles
enclosed to the cathode surface at a critical time period and
the third phase involves the burial of particles by metal
deposition [12]. This model has also been stated by other
researchers for the co-deposition mechanism of nickel and
reinforcing particles [13–17].

3.2
Cobalt atoms also precipitate on the surface by the same
mechanism during reactions (4, 5 and 6). Reactions (1, 2, 4
and 5) determine the reaction rates [8–11]:
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Isothermal oxidation behaviour

Figure 3 shows the isothermal oxidation behaviour of the
uncoated and coated samples at 800°C for 300 h. In the
uncoated sample, the chromium formed cannot protect the
substrate against oxidation and can gain a higher weight
gain in the oxidative environment. The weight gain of the
samples after 300 h is 0.732 mg cm-2. The rate of weight
gain for the coated samples increases first and then
decreases. The weight gain over a period of 300 h is
0.415 mg cm-2. Figure 4 shows the square of mass gain as
a function of oxidation time for the uncoated and coated
samples at 1000°C. As illustrated, the mass gain of
uncoated samples enhances parabolically with the increase
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Figure 3. Mass gain of coated samples with Ni–Co–CeO2 and
uncoated samples as a function of oxidation time at 800°C.

of isothermal oxidation time that satisfies the parabolic
kinetics law is explained by
ðDW=AÞn ¼ kp t;

ð7Þ

where DW is the mass gain, A is the surface area of the
sample, kp is the parabolic rate constant and t is the time of
oxidation. The parabolic behaviour of the uncoated and
coated samples is due to the growth of chromia (Cr2O3)
scale which follows the parabolic rate law. The kp value of
the uncoated samples in the first oxidation stage is 3.62 9
10-5 g2 cm-4 s-1 and in the second stage it is 5.54 9 10-7
g2 cm-4 s-1. In addition, the kp value of the coated samples
in the first stage is 6.78 9 10-6 g2 cm-4 s-1 and in the
second stage it is 1.44 9 10-8 g2 cm-4 s-1.
These constant values show a smaller amount than the
uncoated samples for each step, indicating a lower oxidation
rate in the coated samples.
Comparison of the isothermal oxidation behaviour of the
coated and uncoated samples shows that the weight gain of
uncoated samples is more than that of the coated samples.
In isothermal oxidation, the oxidation rate for uncoated
samples is higher than that of coated samples. The weight

Figure 4. Square of mass gain of coated samples with Ni–Co–
CeO2 and uncoated samples as a function of oxidation time at
800°C.

gain of the samples is due to the growth of the chromia shell
on the steel substrate, which follows the parabolic rate law.
In the early stages of oxidation, the chromium layer
formed is very thin, thereby diffusion through this layer is
accomplished easily. Moreover, high diffusion speed results
in high oxidation speed; therefore, the thin layer cannot be
controlled and the speed of reactions is controlled by processes that occur in the shell and gas interface [18,19]. As
the chromium layer stabilizes, the transition of chromium
ions along the controller shell is controlled. This speed
decreases over time due to the parabolic law of oxidation
due to Cr2O3 shell formation [19]. When stainless steel is
exposed to the oxidizing atmosphere, the chromium is
selectively oxidized and forms a Cr2O3-resistant shell,
which eventually reduces the oxidation rate. It is found that
the Cr2O3 layer disappears as the oxidation progresses [20].
The energy of chromium formation is less than that of
iron oxide. In addition, the required oxygen pressure for
chromium oxidation is lower than that of iron oxide. At
elevated temperatures, when the oxidation progresses, the
outer layer of Cr2O3 dismantles and after several hours of
oxidation at temperatures above 1000°C due to evaporation
of Cr2O3 it disappears [21,22]. Isothermal oxidation was
carried out at 800°C for 300 h, the weight gain initially
increased and then decreased significantly over time, indicating that after the first stage of oxidation the protective
layer is formed (figure 3). Adding cerium oxide (CeO2)
particles to the coating reduces the growth rate of the
chromium layer (Cr2O3). Cerium oxide particles act as
barriers in diffusion pathways, preventing the diffusion of
oxygen and metal cations, thus reducing the growth of the
oxide layer [5]. The presence of cerium oxide particles
improves oxidation resistance and reduces the oxidation
rate [5,23].
It has been shown that cobalt coatings and Co/Mn spinel
oxide coatings effectively reduce chromium outflow,
thereby reducing chromium evaporation [24]. Oxide spinels are materials of general composition AB2O4 in which
A and B are double and trivalent metal ions, respectively.
In the interconnects of SOFCs during oxidation due to
high temperature, the Cr2O3 layer grows resulting an
increase in surface resistance [25]. Cobalt-based spinel
coatings resist high-temperature oxidation. The reactive
elements (REs) and their oxides can greatly improve the
rate of oxidation. These REs can be Ce, Zr, Y, La and HF
[26–28]. They also increase resistance to delamination.
REs are more effective when added to oxide particles. It is
known that CeO2 applied to the surface drastically reduces
pure chromium in chromium-containing steels in the air
and at 800°C. Coating, containing cerium oxide, can
improve the performance of the interconnects in the
SOFCs [29,30].
CeO2 coatings can reduce the oxidation rate of chromium
(Cr2O3) formed on the surface, but they cannot be used
alone, as the coatings are often thin and porous and do not
effectively resist chromium evaporation [26].
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Therefore, a promising coating method is the incorporation of chromium-based spinels in a coating that reduces the
diffusion of chromium on the surface of interconnects and
reduces the rate of oxidation of the alloy. The addition of
CeO2 particles to the deposited coatings reduces the growth
rate of the growing Cr2O3 layer. The influence of CeO2 on
the growth rate is attributed to the influence of the REs that
most often are the oxidation rate of similar types of steel
when applied to the surface. The precise mechanism for the
action of REs is not fully understood, but a common theory
is that REs in the form of oxide particles block the diffusion
pathways for the formation of oxides from ions [23].
TGA of Ni–Co–CeO2 composite coating is presented in
figure 5. TGA curve shows a thermal decomposition process involving several steps that begin at RT and finish near
750°C. As can be seen, mainly three regions of weight gain
can be distinguished. The first oxidation stage starts at
*320°C, which indicates the start of oxidation of nickel.
Zhang et al [31] reported that Ni weight change, which is
attributed to the oxidation of Ni metal particles, occurs
below 400°C. They stated that the particle stability could be
attributed to the strong metal–support interaction. Ni also
shows a linear behaviour, oxidizes less suggesting an
interference of Ni on the oxidation/reduction reactions,
mechanism controlling the oxidation rate when linear
behaviour is observed. It is important to remark that at
higher temperatures a higher oxidation mass is required for
achieving the protective effect. These results make clear
beneficial improvement of Ni addition on the oxidation
resistance of the Ni–Co–CeO2 composite coating.
Therefore, it can be expected that more than one oxide
layer in the oxide scale determine the oxidation process.
The oxidation/reduction reaction or the diffusion of the ions
through the Ni-containing oxide layers occurs. The control
of the process is performed with a lower rate.
The barrier to the ion diffusion imposed by the Ni-based
oxide depends on the layer thickness. For a given temperature, this layer does not impede the diffusion of the ions

Figure 5. Thermal gravimetric oxidation rate of Ni–Co–CeO2
coating deposited on AISI 430 substrates using the lineartemperature ramp (RT to 800°C at 20°C min-1).
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that can be consumed in any of the oxidation or reduction
reactions, unless it reaches a specific thickness.
After, reaching this critical thickness, the oxidation process will be controlled by the thickness of this layer, i.e., a
parabolic behaviour takes place [32–36]. The critical
thickness will be a compromise between the rates of each of
the two proposed oxidation mechanisms and, then, will
depend on the temperature since both the reactions and the
diffusion coefficients vary with this parameter.
For the Ni–Co–CeO2 composite coating, the oxidation
rate is determined by the rates of the oxidation/reduction
reaction rates. Ni–O layer is well known to work as a diffusion barrier to the ions inward and/or outward diffusion,
thus improving the oxidation resistance of the coating [32].
Therefore, although a Ni–O layer is formed, either due to
the thicker Ni–O layer formed on the top of the oxide scale
and the high amount of Ni–O expected to form in the sublayer below, this will lead to the better oxidation performance of the film with higher Ni concentration. This
behaviour was also noticed at 600°C, where similar oxides
were formed.
The second stage starts at *610°C, which indicates
oxidation of chromium and iron. The oxidation of Ni–Co–
CeO2 composite coating continues at *610°C which is in
good agreement with the work of Li et al [33] who reported
that CeO2 has a beneficial effect on the oxidation resistance
in Ni-coating systems. At this stage, in addition to the
oxidation of chromium and iron that are related to the
substrate, nickel oxidation continues; up to the moment a
layer of Ni–O starts forming on the surface.
The third stage starts at *700°C which indicates the start
of oxidation of cobalt. After this temperature, a value of
0.22 mg cm-2 was reached, indicating that the coating is
completely oxidized.
The SEM image of the surface morphology of the
uncoated samples after 300 h of oxidation at 800°C and two
magnifications of 10009 (a) and 20009 (b) is shown in
figure 6. After removing the samples from the oven, a black
layer of oxide was observed on the surface of the samples.
According to SEM images, the oxide layer contains white
particles. The EDX analysis of the matrix of (figure 6c)
uncoated specimen after 300 h of oxidation shows the
presence of Fe, Cr, Mn, Si and O. Peaks of Fe and O support
the formation of Fe2O3 and the peaks of Cr, Mn and O
support the formation of Cr2O3 and (Mn,Cr)3O4 oxides.
Also peaks of Fe, Mn and O support the formation of
MnFe2O3. Moreover the EDX analysis of white particles
(figure 6d) shows the presence of Cr, Mn and O which
supports the formation of Cr2O3 and (Mn,Cr)3O4 oxides.
Figure 7 shows the SEM image of the surface morphology of the coated sample after 300 h of oxidation at 800°C
at two magnifications (10009 (a) and 20009 (b)). The
formed oxide layer has a light grey colour with no delimitation and cracking. The EDX analysis of the matrix of
(figure 7c) composite coating after 300 h of oxidation
shows the presence of Ni and Co. Also the EDX analysis of
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Figure 6. SEM image of the surface morphology of AISI 430 steel after 300 h of isothermal oxidation at
(a) magnification of 10009 and (b) magnification of 20009 and EDX analysis of (c) matrix and (d) white particles.

black particles (figure 7d) shows the presence of Ni, Co, Ce
and O.
Figure 8 shows the XRD analysis of the uncoated and
coated samples after 300 h of oxidation. In the XRD analysis
of uncoated samples (figure 8a) after isothermal oxidation at
800°C for 300 h, phases of MnFe2O4 (JCPDS no. 00-0100319), CrMn2O4 (JCPDS no. 00-045-0504), Fe2O3 (JCPDS
no. 00-002-1165) and Cr2O3 (JCPDS no. 00-015-0718) were
formed. According to the phase analysis, the evidence shows
that (Mn,Cr)3O4 spinel with low Mn content in this steel was
formed after oxidation. This phase has been observed in the
temperature range of 650–850°C in ferrite stainless steels
that contain a small amount of manganese. In a study by
Ebrahimifar and Zandrahimi [36], it was concluded that
spinel formation in the chromium layer is related to the high
diffusion coefficient of Mn ions (DMn [ DFe [ DCr).
In the XRD pattern of the coated specimen (figure 8b),
phases of the NiO (JCPDS no. 01-078-0423), NiFe2O4
(JCPDS no. 00-003-0875), NiCr2O4 (JCPDS no. 01-085-

0935), CoO (JCPDS no. 00-002-1217), CoFe2O4 (JCPDS
no. 00-001-1121), CoCr2O4 (JCPDS no. 00-035-1321),
Fe2O3 (JCPDS no. 00-002-1165), Cr2O3 (JCPDS no.
00-015-0718) and CeO2 (JCPDS no. 01-075-0076) were
identified, which are consistent with the results of other
researchers [5,23,35–39]. The formation of NiFe2O4 and
CoFe2O4 spinels prevents outward diffusion of chromium
and improves coating adhesion to the substrate [40]. Over
time, the formation of NiFe2O4 and NiCr2O4 phases reduces
the amount of outward diffusion of cations, such as nickel
and chromium, thus reducing the oxidation value after the
first step. In addition, it can be said that after the formation
of NiFe2O4 and NiCr2O4 the oxidation mechanism is
changed. In the first stage of the mechanism, the outward
diffusion of chromium ions is fast. With the formation of
the two mentioned phases the outward diffusion of chromium ions decreases and the mechanism of chromium
cations changes to the inward diffusion of oxygen anions.
Since the oxygen diffusion coefficient is much lower than

Bull Mater Sci (2020)43:221
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Figure 7. SEM image of the surface morphology of AISI 430 steel coated with Ni–Co–CeO2 after 300 h of
isothermal oxidation at (a) magnification of 10009 and (b) magnification of 20009 and EDX analysis of (c) matrix
and (d) black particles.

the chromium cation diffusion coefficient, thereby oxidation
resistance is improved [41].
The formation of NiO refers to the outward diffusion of
nickel cations and inward diffusion of oxygen anions. The
transfer of metallic phases in the cation to oxidized phases
can be divided into several stages. At the first stage the NiO
scale grows on the Ni–CeO2 composite coatings and based
on the previous studies it is fine. At the second stage it
grows even faster than that on the electrodeposited pure Ni
film due to an increase in the number of grain boundaries
per unit volume in the scale. However, the fact that there
was a significant scaling rate reduction at high temperatures

(800°C), the growth of the Ni scale in the electrodeposited
pure Ni film is dominantly outward-volume diffusion of
nickel through NiO scales [35].
However, for the Ni–Co–CeO2 composite coating, a
duplex scale was produced, implying a similar diffusion rate
between inward oxygen and outward Ni. The above results
suggest that the addition of CeO2 particles blocks the outer
diffusion of Ni along the grain boundary to some extent and
changes the oxidation growth mechanism of the dominant
outward Ni diffusion in the absence of a RE into the
dominant inward diffusion of oxygen at temperatures below
800°C. At the start of oxidation below 800°C, the NiO
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Figure 8. XRD analysis of (a) the uncoated sample and (b) sample coated with Ni–Co–CeO2 after 300 h
of isothermal oxidation at 800°C.

nucleates in the nanocrystalline particles of Ni and CeO2.
The NiO scale grows rapidly and engulfs the CeO2 particles
on the surface. Therefore, a continuous external, coarse
grain NiO scale without CeO2 particles is developed by
heating the NiO nuclei through their lateral growth during
transient oxidation. After the transient stage of oxidation, an

oxygen potential gradient is established in the metal-scalegas system and the RE addition begins to take effect on the
scale according to ‘dynamic segregation theory’ proposed
by PINT. The RE ions or its oxides first segregate to metal/
scale interface and then segregate to the gas/scale interface
through the scale-grain boundaries [23].

Bull Mater Sci (2020)43:221
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When the concentration of RE ions at the scale grain
boundaries reaches a critical value, the segregation diffusion of RE ions blocks the outward diffusion of Ni and
results in scale growth controlled primarily by inward diffusion of oxygen. However, experimental evidence for the
assumption is still lacking [30]. As the oxidation progresses,
more CeO2 particles incorporated into NiO oxide, due to
their inward growth, may also dissolve, producing Ce ions
segregated to the oxide grain boundaries, and thus preventing the reduction of Ce concentration at the grain
boundaries during a long oxidation time. However, experimental evidence for this assumption is still lacking. With
the progress of oxidation, more CeO2 particles are incorporated into the NiO oxide [23]. Due to their internal
growth, they can also dissolve, producing Ce ions segregated to the oxide grain and thus preventing the reduction of
Ce concentration in the grain boundaries during a long
oxidation time.
At the same time, pinning and ‘solute–drag’ effect of the
dispersed particles at oxide grain boundaries results in the
formation of fine oxide grains, providing indirect but
credible evidence that suggested that Ce ions occurred at
grain boundaries and the outward diffusion of Ni was hindered to the same extent by segregated Ce ions. This may be
the reason why oxide grains close to metal are finer than
those near the scale surface. It can be found that the addition
of CeO2 particles in the Ni film blocks the outward diffusion of nickel and changes the oxidation growth mechanism, causing a reduction of scaling rate since the inward
oxygen diffusion is several orders of magnitude lower than
the outward Ni diffusion [42]. Other factors responsible for
the reduction of chromium diffusion are CoO and CeO2
oxides. Outward diffusion of cobalt cations and inward
diffusion of oxygen anions resulting in the formation of a
CoO layer; Co2? cations and O2- anions have ionic radii of
75 and 140 pm, respectively. A layer of Co3O4 is then
formed through further oxidation of CoO during the diffusion process [43].
A CeO2 coating can reduce the oxidation rate of chromiaforming steel, but it cannot be used as the sole coating

material because it is not effective against chromium
evaporation since the layers are porous and often thin due
to the high electrical resistance of the thick layers. A
promising coating strategy is to combine Co-based spinels,
such as NiFe2O4 and CoFe2O4 with CeO2, in a single
coating to reduce both chromium diffusion to the surface of
the interconnect and the rate of alloy oxidation.
The effect of CeO2 particles on growth rate is attributed
to the RE, an effect that has been shown many times to
reduce the oxidation rate of similar type steels when applied
to the surface. The mechanisms responsible for the RE are
not fully understood, but a prevailing theory is that small
amounts of the REs segregate to the oxide scale grain
boundaries where they block the diffusion paths for oxideforming ions. The interaction between CeO2 particles and
the other oxide elements is currently not fully understood.
CeO2 is not known to dissolve in Co or Cr oxide (CoO,
NiFe2O4 and CoFe2O4) according to the phase diagrams of
these oxides, and mixed oxides of the two elements are not
expected to form.
Therefore, CeO2 is expected to persist as CeO2 particles
during exposure. Due to the high solubility of Fe, Mn and
Cr in CoO and Co3O4, a Cox(Mn,Fe,Cr)x-3O4 spinel is
expected to form during exposure in air at high temperature.
CoFe2O4 formation is based on this theory. The effectiveness of the coatings depends on the Cr diffusion being
very slow. Rapid outward diffusion of Mn is expected
because the diffusivity of the cations in Cr2O3 has been
found to decrease in the order DMn [ DFe * DNi * DCr.
The concentration of Cr in the outer oxide layer in
samples coated with Co and with Co/CeO2 appears similar,
indicating that the ability of the coatings to act as diffusion
barriers for Cr is not affected by the particles of CeO2. Ni–
Co/CeO2 coatings appear to reduce the oxidation rate of the
steel substrate, while being an equally effective chromium
diffusion barrier as a pure Co coating [44].
In the XRD pattern the number and intensity of chromium oxide and iron oxide peaks in the coated sample are
lower than in the uncoated sample, indicating a restriction
on the growth of chromium layer.

Figure 9. Weight gain curve of AISI 430 steel coated with Ni–
Co–CeO2 as a function of oxidation cycle at 800°C.

Figure 10. Square weight gain curves of AISI 430 steel coated
with Ni–Co–CeO2 as a function of oxidation cycle at 800°C.
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Figure 11. SEM image of the surface morphology of AISI 430 steel after 50 cycles of oxidation at 800°C
(a) magnification of 5009 and (b) magnification of 15009.

3.3

Cyclic oxidation behaviour

Figure 9 shows the weight gain diagram of the uncoated
and coated samples after cyclical oxidation after 50 cycles
at 800°C. The weight gain of the uncoated sample obtained
after 50 cycles was 0.254 mg cm-2 and the weight gain of
the coated sample was 0.112 mg cm-2, which was less than
the uncoated sample under similar conditions.
The square weight gain of the uncoated and coated
samples as a function of the oxidation time at 800°C is

shown in figure 10. The cyclic oxidation parabolic rate constant for the uncoated samples was 5.54 9 10-6 g2 cm-4 s-1.
The kp value obtained for the coated samples was 2.14 9 10-6
g2 cm-4 s-1, which was lower than the kp value for the
uncoated samples. The lower weight gain and oxidation rate
of the coated samples than the uncoated samples are due to the
formation of protective phases NiFe2O4, NiCr2O4, CoO,
CoFe2O4, CoCe2O4, Fe2O3, Cr2O3 and the presence of CeO2
in the coating layer. These protective oxides, as well as cerium oxide, prevent the outward diffusion of the chromium

Figure 12. SEM image of the surface morphology of AISI 430 steel coated with Ni–Co–CeO2 after 50 cycles of
oxidation at 800°C (a) magnification of 5009 and (b) magnification 15009.
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cation and the internal diffusion of the oxygen anion and
reduce the rate of oxidation.
Figure 11 shows the SEM image of the surface of
uncoated samples after 50 cycles of oxidation at two magnifications (5009 (a) and 15009 (b)). There are a number of
cracks on the surface of the sample, which are more pronounced in the higher magnification image. The mismatch
of the thermal expansion coefficient of the chromium with
the substrate causes the cracking and scaling of the oxide
layer. The cracked layer provides diffusion paths for the
inward and outward diffusion of cations and anions and
through the easy migration of ions, the oxide layer grows at
a higher rate [45].
Cracking and scaling of oxides in the cyclic oxidation test
are related to the distribution of thermal stresses in the oxide
layer. During heating and cooling, the oxide layer undergoes thermal stress. However, other parameters, such as the
growth rate of oxide, the maximum and minimum temperature, the rate of heating and cooling, the duration of the
cycle and the chemical composition, affect the resistance to
cyclical oxidation [46–48].
The SEM image of the surface of the coated samples after
50 oxidation cycles is shown in figure 12 at magnifications
of 5009 (figure 12a) and 15009 (figure 12b). As can be
seen, some cracks and spallations are observed on the surface, indicating the mismatch between the coefficient of
thermal expansion of the coating layer and the substrate.
The formation of NiFe2O4 and CoFe2O4 spinels during
oxidation improved the cyclic oxidation resistance. The
results of weight changes illustrate that this scale acts as an
effective barrier against outward diffusion of Cr cations and
inward diffusion of oxygen anions because it reduces the
weight gain in Ni–Co–CeO2-coated substrates.

4.

Conclusion

(1) The coating obtained by electrodeposition has no cavity
and is uniformly deposited on the steel surface.
(2) Weight gain and constant oxidation rate during oxidation tests for samples coated with nickel, cobalt and
cerium oxide are lower than for uncoated samples,
which is due to the higher oxidation resistance of the
coating samples.
(3) The formation of NiFe2O4, CoFe2O4, NiCr2O4 and the
presence of cerium oxide particles in the samples coated
with nickel, cobalt and cerium oxide decreased the
growth of the oxide layer and increased the resistance to
oxidation of the samples.
(4) Lower weight gain of samples coated with nickel, cobalt
and cerium oxide (0.215 mg cm-2) than uncoated
samples (0.232 mg cm-2) in isothermal oxidation
indicates that the oxidation resistance of these samples
is better than that of the uncoated ones.
(5) The isothermal oxidation rate constant in the coated
samples at the first 100 h was 6.78 9 10-6 g2 cm-2 s-1,
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at the range of 100–300 h was 1.44 9 10-8 g2 cm-2 s-1,
for the uncoated samples at first 100 h was 3.624 9
10-5 g2 cm-4 s-1 and in the range of 100–300 h was
5.54 9 10-7 g2 cm-4 s-1. For the coated samples this
constant is lower than the uncoated samples.
(6) In cyclic oxidation, the weight gain of the coated
specimens (0.212 mg cm-2) was lower than that of the
uncoated specimens (0.254 mg cm-2), indicating that
the coating samples has shown better oxidation resistance. Also the parabolic constant oxidation rate of the
coated specimens (2.14 9 10-6 g2 cm-4 s-1) is lower
than the oxidation rate of the non-coated samples (7.06
9 10-6 g2 cm-4 s-1).
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